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Available online 5 May 2015Abstract
This study characterizes two types of silica–aluminous bottom ashes, produced at Spanish power stations situated in Soto de Ribera (SR) and
Aboño (AB), for their use in roads. Using laboratory tests, it was veriﬁed that these ashes can be used in embankments when they are
appropriately compacted, given that their dry densities are very low. CBR index values of over 30% were obtained. Three soils have been mixed
with different percentages of the bottom ashes. Soils can be improved by adding bottom ash contents that vary from 15% to 40% of the soil
weight, thus improving their load-bearing capacity and reducing their plasticity.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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This paper presents the work done in the Roads Laboratory
of the University of Cantabria in collaboration with the Iglesias
Technological Centre (Asturias). The main aim of the inves-
tigation was to validate two types of silica–aluminous bottom
ashes for use in road construction, in such a way that this
industrial by-product becomes recyclable to a large extent
leading to economical and environmental beneﬁts.
Some authors have investigated the effective dosage rates of
waste products to improve the properties of ﬁne-grained soils. It
is possible to add up to 30% of bottom ashes to soils in order to
stabilize them (Gullu, 2014). Some clay soils are stabilized using10.1016/j.sandf.2015.04.005
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der responsibility of The Japanese Geotechnical Society.a blend of calcium carbide residue and biomass ash (Vichan and
Rachan, 2013). There are also soils whose strength can be
improved by calcium carbide residue from acetylene gas factories
and ﬂy ash from power plants (Horpibulsuk et al., 2013). Many
marginally useful materials do not comply with the speciﬁcations
(plasticity, free swell and organic matter content) required for use
in embankments (Parrilla Alcalde (2007)). One common solution
is to stabilize these materials with a hydraulic binder, such as lime
or cement (Herrero Núñez, 2008; Jofré et al., 2008; Bauzá
Castelló, 2005). The durability of clay soils can be improved with
recycled Bassanite and furnace cement mixtures (Kamei et al.,
2013). Lime can also be used as the stabilizing element for very
clayey soils (Daniel Castro-Fresno et al., 2010).
It has been demonstrated that the ﬁner part (o0.4 mm) of
the ash produced in a power station is capable of reducing the
plasticity of most plastic clays, such as bentonite (Kumar and
Stewart, 2003). In other studies of ash–soil mixtures (SenolElsevier B.V. All rights reserved.
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ﬂy ash (12, 16 and 20%), leading to notable improvements in
the CBR index.
Another case (Kim et al., 2005), evaluated the possibility of
mixing bottom ash with distinct percentages of ﬂy ash. As the
proportion of ﬂy ash was increased, the maximal dry densities
decreased and the optimal Proctor moisture content increased.
Recently, a large number of studies undertaken with power
station ash, mixed with hydraulic binders, have taken advan-
tage of their pozzolan properties for use in road soils.
However, there are few studies oriented to improving the soils
through the addition of ash alone, without other additives. This
investigation validates two types of silica–aluminous bottom
ashes for use in the construction of embankments and in the
improvement of soils for roads, studying their composition,
dry density, plasticity and load-bearing capacity.Table 1
Chemical composition of bottom ash.
Component SR AB
SiO2(%) 43.6 49.4
Al2O3(%) 23.5 27.8
Fe2O3 (%) 6.77 8.56
CaO (%) 4.62 7.07
K2O (%) 2.72 2.15
MgO % 1.32 1.64
TiO2(%) 0.93 1.34
C (%) 15.3 0.55
Other o1 o12. Materials and methods
2.1. Methods
The physical, chemical and mineralogical properties of the
bottom ashes in this study were initially characterized and
evaluated. An X-ray ﬂuorescence test was used for chemical
analysis, while X-ray diffraction was used to obtain the
mineralogical spectrograms. The speciﬁc weight of the parti-
cles and the pozzolanic character of the ashes were also
determined. The physical characterization was based on
swelling and collapse tests in an oedometric cell, granulometric
tests and Atterberg limits.
In the next stage, the suitability of the two ashes was
veriﬁed. Standard Normal Proctor tests (–PN-) were carried
out and the CBR index was determined, comparing the results
for different compactions. The last stage involved mixing
three soils of different categories and qualities with varying
percentages of added ash (10, 20, 30 and 40%), and compa-
ring the properties of the mixtures through compaction tests,
CBR tests, granulometry and Atterberg limits. ImportantFig. 1. X-ray diffraction patterns of bottomimprovements and changes were obtained in these parameters
with respect to the original soils analyzed for different degrees
of compaction.
The soils and soil–ash mixtures were classiﬁed according to
the Spanish General Technical Speciﬁcations for Roads PG-3
standards.2.2. Materials
2.2.1. Bottom ash
Two types of ashes were used from Spanish power stations
situated in Soto de Ribera (SR) and Aboño (AB).2.2.1.1. Chemical and mineralogical analysis. The chemical
analysis was done by X-ray ﬂuorescence spectroscopy, which
consists of the excitation of the sample using an X-ray source.
The chemical composition of the two ashes reﬂects the silica
and alumina contents as well as other oxides to a lesser extent
(Table 1). The SR sample shows a high carbon content which
may be the result of the deﬁcient combustion of the carbon in
the furnace giving rise to a high percentage of unburnt residues
(Pardo and Oteo, 1991).
As for the mineralogical composition, the mineralogical
spectra of both ashes were obtained through X-ray diffraction,
applying Bragg's law.ashes (1.a Aboño; 1.b Soto Ribera).
Fig. 2. Granulometric distribution of bottom ashes Fig. 3. Granulometric distribution of soils.
Table 2
Plasticity and classiﬁcation of soils.
Soil name Classiﬁcation
ASTM PG-3 AASHTO LL (%) PI (%) Fines (%)
S1 CL Tolerable soil A-6 (11) 31 15 80
S2 SC Tolerable soil A-6 (1) 25 11 37
S3 SC Suitable soil A-2-4 20 7 32
Fig. 4. Compaction curves for AB and SR bottom ashes.
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for AB (Fig. 1(a)) corresponds to a sample with a very
signiﬁcant presence of amorphous phases, possibly due to
the process of fast cooling. These non-crystalline conditions
favor the latent reactivity of this ash, enabling an evolution
towards more crystalline phases over time. Despite the
unfavorable conditions of the diffractogram, with poorly
deﬁned peaks, some of the possible phases can be observed,
such as silica, silica–aluminous anorthite, aluminate cayenite
and hydrated carbonate denominated artinite.
The SR sample (Fig. 1(b)) is very different. As can be
appreciated, the spectrum displays perfectly deﬁned peaks,
which are typical of a sample in which all the phases are
crystalline (although some traces of amorphous phase remain).
To determine the pozzolanic character of silica–aluminous
materials, such as cement, the UNE-EN 196-5 (2005) norm is
applied, comparing the quantity of calcium ion in the water
dissolution of the hydrated material with a standard curve. The
ashes studied can be considered to display pozzolanic char-
acter. The classiﬁcation of both ashes, according to ASTM
(1999), is ash type “F” due to their ﬁner fraction of ﬂy ash.
2.2.1.2. Physical properties. Some physical properties of the
bottom ash were evaluated. The speciﬁc weight of the particles
was determined in accordance with the UNE-EN 1097-3
(1999) norm, obtaining values for the AB ash of 23.6 kN/m3
and for the SR ash of 21.2 kN/m3.
The indexes of uncontained swelling and the collapse of the
ash samples were measured in an oedometric cell, 45 mm in
diameter and 12 mm in height, according to the UNE-EN 103-
601 (1996) and UNE-EN 103-406 (2006) norms. The results
obtained were satisfactory, namely, less than 1%. The ashes
did not show plasticity.
The fraction of clean sand in the ashes was determined
through the normalized UNE-EN 103-109 (1995) test. Results
over 75% of the equivalent sand were obtained, which are
good results.
The granulometric distribution of the ashes (Fig. 2) was
determined through the UNE-EN 103-101 (1995) test. The ABash can be considered as a coarse sand, according to ASTM
speciﬁcations, while the SR ash has a smaller size within the
sand range.
2.2.2. Soils
Three starting soils of different granulometric (Fig. 3) and
plastic categories were mixed with the power station ashes.
For the complete classiﬁcation of the soils, the plasticity test
results obtained using the UNE-EN 103-103 (1994) and UNE-
EN 103-104 (1993) norms were needed in order to obtain the
liquid and plastic consistency limits, respectively (Table 2).
Fig. 5. Granulometric test after compaction during 0–20–30 s (SR: 5.a; AB: 5.b).
Table 3
Classiﬁcation and plasticity of (AB) and (SR) bottom ashes.
Classiﬁcation LL (%) PI (%)
PG3 Selected soil NL NP
AASHTO A-1-b
ASTM SW-SM
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3.1. Use of power station ash in the construction of
embankments
The ashes studied here have granulometric and plasticity
properties similar to sand. The parameters of the optimal water
content and the maximum dry density have been obtained from
standard and modiﬁed Proctor compaction tests, following the
speciﬁcations in the applicable norm, namely, UNE-EN 103-
500 (1994) for the standard Proctor and UNE-EN 103-501
(1994) for the modiﬁed Proctor tests, under compaction with a
vibrating hammer for granular materials (NLT-311, 1996).
In contrast to the ﬂy ashes analyzed by other authors (Sarat
and Yudhbir, 2005), the maximum dry unit weight values of
the bottom ashes in this study were observed at moisture
contents of 3–4%, according to the Proctor test. Anyway, the
difference between the dry unit weight values obtained for all
moisture contents in the standard Proctor compaction test was
less than the dispersion of the test itself (Fig. 4). Similar results
(optimum moisture content 3–4%) were obtained through
compaction with a vibratory hammer. In this case, however,
the dry unit weight decreased with the moisture content, once
again demonstrating the high permeability of the ashes and
their null plasticity. The obtained dry unit weight had very low
values (between 11–14 kN/m3).
The SR ash had a low granulometric variation after
compaction, while the AB ash, in contrast, had a higher
granulometric variation. The samples of each ash were
evaluated under 20 and 30 s of compaction with a vibrating
hammer (Fig. 5).The deﬁnitive classiﬁcation of the ashes, in accordance with
the applicable norms, is shown in Table 3. The material
studied here has an excellent load-bearing capacity and a low
deformability after compaction. Its null plasticity and its
notable granular nature assure stability against volume changes
in the structure of the embankments once it is compacted.
Nevertheless, it is not recommended for use in very high
embankments due to its low dry density and speciﬁc weight.
3.2. Soils modiﬁed with power station ash for construction of
road embankments
The nomenclature used for the designation of the mixtures is
represented by starting soils S1, S2 or S3, followed by the ash
used in the mixture (AB or SR), and the percentage, by dry
weight, added to the soil. The percentages of ash vary from
10% to 50%.
3.2.1. Granulometry
The granulometry of the ashes added to the starting soils
varied notably. The variation in the S1 soil granulometry is
shown in Fig. 6. Its classiﬁcation is CL with a high content of
ﬁne particles. Both the SR ash and the AB ash provide large
grain sizes, improving the grain distribution of the soil and
reducing the percentage of plastic ﬁnes.
The S2 and S3 soils approximate in their granulometry to
the curve of AB for sizes over 5 mm, which means that the
granulometric curve of the mixture remains similar up to that
size. However, for smaller sizes, the AB ash shows a greater
displacement than the SR ash with respect to the original curve
of the starting soils. As the AB ash is coarser, it provides larger
proportions of sizes over 5 mm than SR, while the SR ash
provides ﬁner particles.
3.2.2. Plasticity
The results expected from the progressive addition of ash, in
increasing percentages, produce the percentile reduction in the
plastic parameters of the soil. A decrease is observed in the
liquid limit, and therefore, in the plasticity index of the added
ash content. The reduction in plasticity is important for both
Fig. 6. Granulometric distribution curves for soil–bottom ash mixtures.
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added ash of 40–50%.3.2.3. Standard proctor test
The optimal moisture content of soil S1 (Table 4) varied
from 11% initially to around 13% and 14% for AB and SR,
respectively. This moisture content tended to increase with an
increase in the added ash. In soil S2, a greater increase in the
optimal compaction moisture content is produced by adding
ash SR, than by adding ash AB. Increments in the optimal
moisture content from 9% initially up to values of 12% are
observed. The S3 soil displays the same tendency for the
optimal moisture content from 8% to 10% with ash AB and up
to 11–12% with ash SR due to its ﬁner nature.The contribution of ash to the starting soils, with a low
speciﬁc weight of particles, reduces the dry density with
respect to the initial value and produces an increase in the
optimal moisture content after compaction.
3.2.4. Analysis of load-bearing capacity (CBR test)
The S1-type soil mix is clay with a CBR of 1% (CBR of 0%
for the maximal Proctor standard density). This soil is not
utilizable in the construction of embankments, where a CBR of
3% or more is necessary for suitable soils.
The soil can be modiﬁed to fulﬁll the requirements for
embankments by adding 40%-50% of AB ash to obtain a CBR
of 3%. The SR ash displays slightly better behavior than the
AB ash, requiring percentages of added ash of not less than
40% to ensure a CBR of 3% or more for a compaction degree
E. López López et al. / Soils and Foundations 55 (2015) 529–535534of 95% (Fig. 7(a)). The workability of the S1 soil can be
improved with both ashes, but preferably with SR. The ASTM
classiﬁcation of starting soil S2 is SC, namely, sands with ﬁne
particles with a CBR of 4 (CBR of 1% for a density 95% PN).
According to the Spanish norm PG-3, starting soil S2 is
considered as tolerable soil. The mixture of soil S2 with either
of the two ashes brings about a notable improvement in the
load-bearing properties, increasing the CBR index from a low
value of 4% to values of 28% for SR and 18% for AB (Fig. 7
(b)). The S2-type soil acquires a CBR of 3% or more,
considering a compaction degree of 95% PN, for 15% of
added ash for AB and 25% for SR. It also becomes suitable for
use in subgrades, achieving a CBR of 6% for 25% of added
ash for AB and 30% for SR, and a compaction degree of 100%
PN. The S3 starting soil is very similar in its composition to
the S2 soil, having an initial CBR of 6% (CBR of 4% for
density 95% PN). Therefore, it is a suitable soil for subgrades,
with low plasticity and a notable granular character. TheTable 4
Results of Proctor standard test of soil–bottom ash mixtures.
Soil Bottom ash
(%)
Optimum water
content (%)
Max dry unit weight
(kN/m3)
95% PN
(kN/m3)
S1-
AB
30 11.50 18.70 17.77
60 12.50 17.89 17.00
S1-
SR
50 13.50 16.80 15.96
S2-
AB
20 8.50 19.82 18.83
50 9.50 18.87 17.93
S2-
SR
30 11.60 18.26 17.35
60 13.00 16.75 15.91
S3-
AB
20 8.30 20.01 19.01
50 10.00 19.21 18.25
S3-
SR
20 9.20 19.10 18.15
50 12.30 17.22 16.36
Fig. 7. CBR test results for mixtures with AB anprincipal objective of adding ash to this type of soil is to
improve its load-bearing capacity with low percentages of
added ash. It can be observed that the behavior of the mixture
for soil S3 has changed with respect to previous soils S2 and
S1, the AB ash providing the highest CBR index of 95% for
the density PN (Fig. 8).
It can be deduced that both the AB ash and the SR ash
display good resistant behavior in coarse soils and in soils with
low plasticity, providing larger grain sizes which can work
together with the coarse particles of the soil. Nevertheless, the
same is not true in soils with higher percentages of ﬁne
particles, where the SR ash provides a higher CBR index to the
mixture and reduces its plasticity more signiﬁcantly; provided
that slightly higher percentages of added ash are used. Soil S3
has the best properties, with a CBR of 12% or more, after the
addition of 35% of ash for AB or 40% of ash for SR. This soil
can be used for subgrades.
The variation in load-bearing capacity with the compaction
degree is different according to the percentage of ash added.
Figs. 7 and 8 show linear, concave and convex curves. In
approximate terms, for a low content of bottom ash and above
a certain compaction degree, the CBR increases signiﬁcantly.
In contrast, for soils mixed with high percentages of ash and
above a certain compaction degree, the increase in CBR is not
very great.d SR bottom ashes (S1: 7.a; S2: 7.b).
Fig. 8. CBR test results for S3 mixtures with AB and SR bottom ashes.
Table 5
Final classiﬁcation and CBR results of mixtures.
Soil name Classiﬁcation CBR
ASTM AASHTO PG-3 100% PN 95% PN
S1 CL A-6 (11) Tolerable soil 0 0
S1-AB-50% CL A-6 (4) Tolerable soil 5 3
S1-AB-60% CL A-4 (3) Tolerable soil 5 4
S1-SR-50% CL A-4 (3) Tolerable soil 7 5
S2 SC A-6 (1) Tolerable soil 4 1
S2-AB-30% SC A-2–4 (0) Suitable soil 12 7
S2-AB-40% SC A-2–4 (0) Suitable soil 16 9
S2-SR-30% SC A-2–4 (0) Suitable soil 15 4
S2-SR-40% SC A-2–4 (0) Suitable soil 12 9
S3 SC A-2–4 (0) Suitable soil 6 4
S3-AB-20% SC A-2–4 (0) Suitable soil 14 8
S3-AB-40% SM A-1-b (0) Selected soil 24 16
S3-SR-40% SM A-1-b (0) Suitable soil 26 13
S3-SR-50% SM A-1-b (0) Selected soil 27 16
E. López López et al. / Soils and Foundations 55 (2015) 529–535 535The ﬁnal results show the improvement in the classiﬁcation
of the initial soils by the addition of ashes (Table 5). The
bottom ashes increase the load-bearing capacity up to a
maximum point depending on the initial soils.
4. Conclusions
The ashes studied here can be considered as continuous
granulometry sands, which are well graded and non-plastic in
nature. Comparatively, the SR ash has ﬁner grains than the
AB ash.
The speciﬁc weight of the ashes is low, so the dry densities
are low after compaction. However, the results of the CBR
tests demonstrated that both ashes have excellent load-bearing
characteristics, even without the addition of any other product.
CBR values higher than 70% were obtained after the addition
of ash, and the AB ash was more effective (CBR over 110%).
However, due to the low speciﬁc gravity, care should be taken
when the ashes are applied in areas prone to erosion.
The soil–ash mixtures modify the grain size, decreasing
plasticity and increasing the load-bearing capacity. The addi-
tion of a granular-type material, such as bottom ash, to a plastic
soil leads to the substitution of the ﬁnest grain particles in the
soil. The result is a new soil which is more workable and more
easily compacted with a better load-bearing capacity. It has
been improved up to a CBR of 24% or more with percentages
of 40% added ash.
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